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Abstract 
It is attempt in pulverized coal injection (PCI) in blast furnace tuyeres  to increase the injection rate 
without increasing the amount of unburned char inside the stack of the blast furnace. The unburned 
char can cause problems in the blast furnace operation, such as reduced permeability, undesirable 
gas/temperature distribution, excessive coke erosion and significant char carryover. In the near 
tuyere region the coal is injected with air but the resolidified char will burn in an atmosphere with a 
progressively lower oxygen content and higher CO2 concentration. 
In this study an experimental approach has been followed to address this situation trying  to separate 
the combustion process into devolatilization and combustion steps. Initially coal has been injected in a 
drop tube furnace (DTF) operated at 1300 ºC in an atmosphere with low oxygen concentration to 
ensure volatile combustion and prevent soot formation. Then the char has been refired into the DTF at 
the same temperature under two different atmospheres O2/N2  (typical combustion) and O2/CO2 (oxy-
combustion) with the same oxygen concentration. Also coal injection under higher oxygen 
concentration for both typical combustion and oxy-combustion atmospheres was performed. The fuels 
tested comprised a petroleum coke, and coals ranging in rank from high volatile to low volatile 
bituminous currently used for PCI injection. A thermogravimetric analyser and microscopy techniques 
have been used to find out about char reactivity and appearance. Different trends of burnout have 
been observed between the coals which are related with the characteristics of the parent fuels and 
those of the resolidified chars.  
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INTRODUCTION 
 
It is attempt in pulverized coal injection (PCI) in blast furnace tuyeres  to increase the injection rate 
without increasing the amount of unburned char inside the stack of the blast furnace. The unburned 
char can cause problems in the blast furnace operation, such as reduced permeability, undesirable 
gas/temperature distribution, excessive coke erosion and significant char carryover (Deno and 
Okuno, 2000; Hutny et al., 1996). 
 
The combustion of char has a significant impact in the amount of unburned material, although char 
combustion has been improved in the last decade by increasing hot blast furnace and oxygen 
enrichment and improving injection lance design (Lu et al., 2002). The reactivity of char strongly 
depends on the parent coal and the operating conditions (Essenhigh, 1981). In the near tuyere 
region the coal is injected with air and it is assumed that coal particles undergo first devolatilization 
and then combustion of the charred material. A recent paper has reviewed the influence of the 
experimental device in the performance of coal even for apparatuses specifically designed to 
reproduce the conditions prevailing in the near tuyere zone of the blast furnace (Mathieson et al., 
2005). The amount of oxygen seen by the devolatilizing coal particles will be probably reduced by 
the volatile cloud and in a further step the solidified char will burn in an atmosphere with a 
progressively lower oxygen content. In addition the atmosphere in the blast furnace is progressively 
enriched in CO2.  
 
In this study a drop tube reactor (DTR) has been used to design a series of experiments trying to 
separate the processes involved in the combustion of coal in blast furnace tuyeres. With this aim 
combustion of coal has been performed under highly substoichiometric conditions and the resulting 
char has been combusted under N2 and CO2 rich atmospheres. These results are compared with 
those of burning coal with higher amount of oxygen in the reacting gas. 
  
  
EXPERIMENTAL 
 
The selected fuels were typical PCI coals used worldwide denoted as A, B and C, and a petroleum 
coke (PC). Samples were ground and sieved to 36-75 mm. Proximate, Ultimate and Petrographic 
analyses were performed according to the appropriate ISO standards. 
 
Coal chars were prepared in a drop tube reactor at 1300 ºC with a flow rate 900 Lh-1. The fuel 
particles were entrained (1 g min-1) by a jet of non-preheated gas of the same composition than the 
reacting gas (300 Lh-1) to a water-cooled injection probe placed on top. The estimated residence 
time of the particles in the reactor was 0.3s. The chars left the reactor through the collection probe, 
and an extra nitrogen flow was added to the exhaust gases in order to quench the reaction and 
improve the collection efficiency in the cyclone. Figure 1 shows in a schematic way the gas 
compositions used in this study. They were selected on the basis of previous attempts of refiring 
(Osório et al., 2006) and the results on oxy-combustion experiments of bituminous coals in the same 
equipment (Álvarez et al., 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1. Scheme of the experimental approach followed in this study.  
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Burnout was calculated with the ash tracer and assuming that ashes do not suffer further 
transformation in the reactor using the expression 
 
  100
100
100
1(%)
.
.
.
. ´ú
û
ù
ê
ë
é
÷÷
ø
ö
çç
è
æ -
÷÷
ø
ö
çç
è
æ
-
-=
-
-
combchar
combchar
coal
coal
Ash
Ash
Ash
AshBurnout  
 
Samples were embedded in polyester resin and polished for petrographic examination under incident 
polarised light.  
 
RESULTS AND DISCUSSION  
 
The chemical and petrographic analyses of the samples are shown in Table 1. The coals cover a 
wide rank interval from high volatile bituminous to low volatile bituminous ASTM-rank. PC is the 
petroleum coke with very low ash content, the lowest volatile matter content and atypically low 
sulphur content. The ash content of the coals is moderate (~10 %) and volatile matter, carbon 
content and vitrinite reflectance reflect the rank of the coals (A high volatile bituminous, B at the low 
end of the medium volatile bituminous interval and C a low volatile bituminous coal). The liptinite 
content is low and the inertinite content is moderate in all the coals.  
 
TABLE 1. Proximate, ultimate and petrographic analyses of the individual fuels.  
VM C H N O S Rr V L I Fuel Ash 
db % daf % % vol mmf % 
A 6.9 42.5 80.9 5.1 1.6 11.3 1.1 0,63 77,2 2,4 20,4 
B  9.5 29.3 83.4 4.3 2.0 10.6 0.7 1.02 61.8 2.8 35.4 
C  9.8 17.6 87.2 3.8 1.9 5.6 0.7 1.56 69.3 - 30.7 
PC 0.1 11.7 91.3 3.9 1.2 2.7 0.9     
VM= Volatile matter; Rr=random vitrinite reflectance; V=vitrinite; L=liptinite; I=inertinite. db= dry basis; 
daf=dry-ash-free basis, mmf=mineral matter-free, vol= volume. 
 
 
Figure 1 shows the burnout results as a function of coal rank for the various coals. As expected the 
burnouts decreased with increasing the rank of the coals. The burnouts for the chars prepared under 
low oxygen content were rather similar for the medium and low volatile bituminous coals, both 
differing in more than 10 % volatile matter content. The differences were higher for the coals burned 
with 10% O2 in N2. The burnout of the coals burned under oxy-fuel atmosphere (O2/CO2) were 
similar to those prepared under O2/N2 with similar O2 concentration (Figure 2). In addition, the 
burnouts of the refired chars at 5%O2 concentration were very similar to those from the coals 
burned with 10% O2. This represents the opportunity to observe the performance of coals in one 
step and two step combustion (first devolatilization and then consumption of the char). Recently 
Alvarez and Borrego (2007) have shown the influence of oxygen concentration in the surface area 
development of chars during the early devolatilization stages. The oxygen essentially increases the 
mesoporosity development whereas the amount of micropores hardly changed. In the two steps 
combustion the porosity framework is achieved in the first step and further combustion produced  a 
reduction in surface area due to the consumption of material and the enlargement of porosity. 
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FIGURE 1. Burnout of the coals as a function of coal rank. 
 
 
If the burnouts under conventional combustion (O2/N2) and oxy-fuel combustion (O2/CO2) 
atmospheres are compared, the conversions were similar for the high and medium volatile 
bituminous coal, whereas the low volatile coal burned to higher level under oxy-fuel combustion 
conditions. The higher the rank of the coal the larger the difference in favour of oxy-combustion 
(Figure 2). This is in agreement with the good performance observed for anthracites under similar 
conditions to the ones used in this work (Borrego et al., 2007).    
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FIGURE 2. Conventional combustion vs. oxy-combustion under similar oxygen concentrations. 
 
The appearance of the chars at the optical microscope can be summarised as follows: Coal A 
yielded chars under low oxygen concentration consisting of isotropic particles most of them with 
thick-walled cenospheric shape (Figure 3). The higher burnout chars had incomplete but still thick 
walls. The material forming B chars was mainly anisotropic. Vitrinite yielded hollow particles with 
small mosaic optical texture and inertinite either massive unfused isotropic particles or anisotropic 
particles with network structure. The optical texture of vitrinite derived particles in C chars was 
larger indicating an improved ordering compared to B vitrinite. The inertinite-derived material 
exhibited as in the case of B heterogeneous structure and optical texture. The high burnout chars had 
few rather intact particles and many small anisotropic fragments. The petroleum coke yielded two 
types of particles, one developed abundant porosity and formed network and in some cases 
balloon-like structures as also described in Milenkova et al (2003) and the other yielded massive 
particles mostly with large size optical texture as typically described for petroleum coke (Figure 3).  
 
 
 
 
FIGURE 3. Optical micrographs of the chars obtained under 2.5% O2 in N2 for the various fuels. Incident 
polarized light, 1l retarder plate. Length of the field =200 mm.  
 
 
The chars from high burnout runs had few rather entire particles and fragments derived from the 
collapse of the particles which apparently indicate combustion under diffusional regime. The optical 
texture of the chars matches well with C chars being the least reactive and A chars being the most 
reactive. The petroleum coke chars exhibited higher reactivity than expected from the massive 
appearance and the strongly anisotropic optical texture. 
 
CONCLUSIONS 
 
An experimental approach has been designed in order to find out about the performance of coals of 
variable rank under conditions similar to certain extent to those prevailing in the blast furnace. With 
that purpose chars were prepared under highly sub-stoichiometric oxygen content and then refired in 
O2/N2 and O2/CO2 atmospheres. Overall similar burnouts were achieved with N2 and CO2 for 
similar oxygen concentrations and therefore no lost in burnout can be expected due to the 
enrichment in CO2 in the blast furnace gas.  
 
The presence of oxygen in the devolatilizing atmosphere has shown to reduce plasticity of the 
carbonaceous material generating particles with thicker walls. Nevertheless the optical appearance 
of the chars obtained under two step combustion (first devolatilization, then refiring) were rather 
similar to those prepared in one step with higher oxygen concentration. The chars apparently burned 
under diffusional control in the reactor which are conditions similar to those expected at industrial 
scale.  
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